Abstract Lentil (Lens culinaris) production on the Canadian prairies has increased recently with possible benefits to cropping systems in this region. The yield benefit often observed in cereals grown after a pulse crop can be partially attributed to the supply of nitrogen (N) from decomposing pulse crop residues; however, the contribution of belowground residue (BGR) is poorly documented. The purpose of this greenhouse study was to quantify the N input from BGR (i.e., roots plus rhizodeposits) of lentil and wheat (Triticum aestivum ) using shoot 15 N-labeling and to trace the 15 N from BGR into subsequently grown wheat plants. Belowground N (BGN) comprised 34 and 51 % of total plant N in lentil and wheat, respectively. Whereas wheat produced more root biomass than lentil, total amounts of BGN did not differ between species. However, biomass production and N uptake by wheat grown on lentil BGR were 49 and 14 % higher than wheat grown on wheat BGR. Moreover, a higher proportion of added 15 N from lentil BGR (14.4 vs. 8.5 %) was recovered in the succeeding wheat crop, indicating that lentil BGN was more readily mineralized than wheat BGN. The disproportionately high increase in yield vs. N uptake for wheat grown on lentil BGR, however, indicates that non-N factors also contributed to the increase in wheat yield. This study highlights the importance of including estimates of BGN when evaluating the positive effects of including pulse crops in rotation with cereals, although further research is required to identify non-N benefits of lentil.
Introduction
Pulse crops are an integral component of sustainable cropping systems in the Canadian prairies. In addition to reduced nitrogen (N) fertilizer use in crop rotations that include pulse crops, improvement of cereal yields compared to cereal monoculture is well documented (Stevenson and van Kessel 1996a; Beckie and Brandt 1997; Gan et al. 2003; Bremer et al. 2011) . Nitrogen benefits of growing pulse crops relate to their ability to acquire N via symbiotic N 2 fixation. By relying on N 2 fixation, pulse crops conserve soil N (Jensen 1994; Soon and Arshad 2004) , provide relatively N-rich crop residues that release N for use by subsequent crops following decomposition (Jensen 1996) , and potentially contribute a net increment of N to soil when rates of N fixation are high (Walley et al. 2007) . Pulse crops also confer non-N benefits, although their importance relative to the N benefits can vary. For example, whereas Beckie and Brandt (1997) ascribed increased wheat (Triticum aestivum) yields solely to N benefits from a preceding pea (Pisum sativum ) crop, Stevenson and van Kessel (1996a) reported that non-N factors contributed 91 % of the yield benefit to wheat following pea. Non-N benefits are attributed to breaks in pest cycles (Stevenson and van Kessel 1996b) , conservation of soil water (Miller et al. 2003a; Gan et al. 2009a) , reduced weed pressure (Stevenson and van Kessel 1996a) , release of nutrients other than N from decomposing pulse crop residues (Beckie and Brandt 1997) , and other possible rotational effects such as improved rhizosphere biology (Kirkegaard et al. 2008) .
Nitrogen supplied from decomposing belowground residues (BGR) to following crops is often not considered in evaluations of the N benefits of growing pulse crops (Lupwayi and Kennedy 2007; Peoples et al. 2009 ), despite the fact that belowground N (BGN) comprises a significant proportion of the total crop residue N that remains in the soil following seed harvest (Arcand et al. 2013 ). Furthermore, root-derived N recovered in soil comprises a larger proportion (~80 %) of total BGN from pulse crops relative to N contained in intact roots at crop maturity (Mayer et al. 2003a; Wichern et al. 2007; Arcand et al. 2013) . As a result, previous studies that report low supply of N from pulse crop straw and intact root residues to following crops (Bremer and van Kessel 1992; Jensen 1994 Jensen , 1996 likely underestimate the total N supplied from all crop residue sources (i.e., straw, roots, and rhizodeposits). Studies using shoot 15 N labeling enables the full determination of BGN, and can be used to directly track the release of 15 N from BGR to subsequent crops without the problems associated with indirect methods (McNeill and Fillery 2008) , such as isotope dilution (Hood et al. 1999 (Russell and Fillery 1996a; McNeill et al. 1998; McNeill and Fillery 2008) . When the 15 N from aboveground residues (AGR), roots, and rhizodeposits was considered, 15 N recoveries in wheat and oilseed rape (Brassica napus) were between 8 and 10 % for residues of white lupin (Lupinus albus), faba bean (Vicia faba ), and pea (Mayer et al. 2003b ), whereas Lam et al. (2012) reported that 19.8 % of 15 N from pea residues was recovered in the aboveground components of wheat. Therefore, the contribution of BGN to the total N nutrition of subsequent crops is not insignificant. Indeed, Russell and Fillery (1996a) determined that 19 and 40 % of N in wheat tops was derived from the BGR of lupin, depending on fertilization, whereas 18 to 42 % of wheat and oilseed rape N was derived from the residues of white lupin, faba bean, and pea when AGR, roots, and rhizodeposits were included (Mayer et al. 2003b) .
Lentil (Lens culinaris) production on the Canadian prairies is on the increase and, according to the most recent agricultural census, lentil surpassed field pea in total land area under production (Statistics Canada 2011). To date, studies determining N rhizodeposition of pulse crops have focused on pea, lupin, faba bean, and chickpea (Cicer arietinum ) (Russell and Fillery 1996b; Mayer et al. 2003a; Wichern et al. 2007; Yasmin et al. 2010) ; however, to our knowledge, no such studies have examined N rhizodeposition in lentil, nor the contribution of BGN of lentil to a subsequent crop. Therefore, the purpose of this study was to quantify BGN, including N rhizodeposition, and the partitioning of N in mature lentil and wheat, as well as to determine the supply of N from BGR of lentil and wheat to a following wheat crop. The potential yield benefit of growing wheat on lentil relative to wheat BGR also was evaluated. Wheat was included in the first rotational phase as a comparison with lentil and to compare with values reported in the literature. Under controlled conditions in a greenhouse, shoot 15 N labeling of lentil and wheat was performed to quantify N rhizodeposition (defined as the rootderived N in soil after collection of visible roots and root fragments) and N in intact roots at harvest. Wheat plants were then grown in pots containing the undisturbed 15 N-labeled roots and rhizodeposits in order to quantify the supply of BGN to wheat.
Materials and methods

Soil collection and pot preparation
An Orthic Brown Chernozem (Ayers et al. 1985) was collected from an agricultural field site at Swift Current, Saskatchewan, Canada (50°15′ N, 107°44′ W). The soil was air-dried, sieved (2 mm) to remove any rocks, and mixed with silica sand in a 1:1 (w /w) ratio. The resulting soil-sand medium contained 0.6 g total N kg , and 3.6 mg S kg
, was sandy loam in texture, and had a pH of 7.1 (1:2 soil/H 2 O). Soils were packed to a bulk density of 1.54 g cm −3 in acrylic pots (12.7 cm i.d., 30 cm deep). The pots were arranged on a greenhouse bench with eight replicate pots for the 15 N-labeled plants (lentil and wheat) and four replicate pots for the natural abundance control plants (lentil and wheat). An additional and identical set of pots were prepared for use in the second rotational phase of the study; therefore, there were a total of 48 pots. ), and both lentil and wheat were supplied with 9.8 kg P ha −1 as KH 2 PO 4 (50 mg P plant
−1
). Plants were supplied with deionized water every 2 to 3 days to achieve 80 % field capacity.
Lentil and wheat plants were supplied with N] using the cotton-wick method (Russell and Fillery 1996b) . Labeling began once stems were robust enough to withstand wick installation, which was 27 days after sowing (DAS) for lentil and 22 DAS for wheat. Details of the installation of the cottonwick system are described in Arcand et al. (2013) . The 15 N-urea solution was supplied in small doses (0.30-1.90 mL) until 2 weeks before harvest, resulting in a total supply of 4.8 and 5.1 mg 15 N plant −1 to lentil and wheat, respectively. Reinstallation of the wick system was required on a number of occasions due to slow solution uptake or to dislodging of the wick during stem elongation in the case of wheat. Deionized water (0.40 mL) was added to the vials to maximize 15 N urea solution uptake from the wick into the stem following uptake of the last dose of urea.
Soil and plant sample preparation and analysis Lentil was harvested 70 DAS and wheat was harvested 90 DAS. The aboveground plant components were separated into aboveground residues (stem, leaves, pod walls, and chaff) and seed and dried at 60°C. Visible roots and root fragments were collected from the soil using a 2-mm sieve and tweezers; the soil that remained was considered bulk soil. Roots were washed on a 1.0-mm sieve with deionized water (any visible roots that passed through the sieve were collected with tweezers). The soil-water slurry from root washing was collected and dried in an oven at 75°C. The soil that remained following evaporation of water from the soil-water slurry was considered rhizosphere soil. Dried rhizosphere and bulk soils and plant materials were each finely ground in a ball mill. Finely ground soil and plant samples were weighed into tin capsules and analyzed for N concentration (%) and atom% 15 N using an elemental analyzer (Costech ECS4010, Costech Analytical Technologies, Inc., Valencia, CA) coupled to an isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific Inc., Waltham, MA), respectively.
Rotational phase II-pot preparation, wheat cultivation and harvest Following aboveground harvest of the first rotational phase of lentil and wheat, pots containing the undisturbed 15 N-labeled soil and roots that were dedicated for the second rotation phase were stored frozen. The pots were thawed at 2°C, then placed on a greenhouse bench and watered to 80 % field capacity. The pots were planted with two seeds of wheat (AC Barrie) on March 7, 2012 and supplied with 45 kg N ha −1 (55.9 mg N plant −1 ) as urea. The wheat was thinned to one plant per pot after germination and harvested at physiological maturity on May 28, 2012. Above and belowground wheat plant components were analyzed for N and 15 N as described above. N excess values of lentil and wheat BGR were assumed to equal the atom% 15 N excess in the roots. Harvest index was calculated as the ratio of the seed dry weight biomass to the total aboveground dry weight biomass. Similarly, the N harvest index (NHI) was calculated as the ratio of the amount of seed N to the total amount of aboveground N.
Statistical analysis
Differences in biomass yields, N uptake, and 15 N enrichment and distribution between lentil and wheat, and the effect of their residues on yield and N supply to subsequent wheat were determined based on one-way ANOVA with crop species as the main effect. The relationship between the biomass and N uptake of the subsequent wheat crop was evaluated using linear regression. Homogeneity of variance and normality of residuals were tested using the Levene's test and the ShapiroWilk statistic, respectively, to determine if the assumptions of the ANOVA were valid. Where necessary, the ANOVA was conducted on log-transformed data to meet the assumptions. In the event that data transformation was unsuccessful in meeting the ANOVA assumptions, data were analyzed using the nonparametric Mann-Whitney test. Statistical analyses were conducted using SPSS ® Statistics version 20.0 for Mac (IBM Corp., 2011) . All tests were declared significant at P ≤0.05.
Results
First rotation phase-lentil and wheat biomass and N uptake and partitioning Wheat accumulated 81 % more total biomass than lentil on a per plant basis (Fig. 1a) . Wheat biomass yields were higher for each plant component, with the greatest difference in biomass occurring for roots, where wheat root biomass was 4.25-fold greater than lentil root biomass. The harvest index was 0.21 and 0.36 for lentil and wheat, respectively. Root-to-shoot ratios were 0.12 and 0.35 for lentil and wheat, respectively.
Total plant N uptake was greater for lentil than for wheat due to high N accumulation in the shoots; however, there was no difference in N uptake in seed or roots (Fig. 1b) . Nitrogen partitioning differed between lentil and wheat for all soil and plant components (Table 1) . A higher proportion of N was allocated to seed, roots, and rhizodeposits in wheat compared to lentil, whereas a higher proportion of N was allocated to shoots in lentil. The NHI was 0.42 and 0.82 for lentil and wheat, respectively, while root-to-shoot N ratios were 0.11 and 0.67. Root C to N ratios were 30 and 103 for lentil and wheat, respectively (Table 2) . In wheat, the highest proportion of recovered 15 N of any of the plant and soil components was distributed in seed; whereas in lentil, the highest proportion of recovered 15 N was distributed in shoots (Table 1) Estimates of NdfR in the bulk soils of lentil and wheat were not significantly different (Table 2 ). In contrast, the NdfR in rhizosphere soils was four times higher for wheat than lentil. A relatively higher proportion of total plant N was recovered in the soils of wheat compared to lentil due to the input of root-derived N to soil. Total BGN (i.e., NdfR+root N) comprised 34 and 51 % of total plant N in lentil and wheat, respectively, while total root-derived N (bulk+rhizosphere soils) comprised 85 and 89 % of total BGN in lentil and wheat, respectively. Belowground N comprised 46 and 84 % of the total (AGR+roots+rhizodeposits) crop residue N balance in lentil and wheat, respectively.
Second rotation phase-wheat biomass, N uptake, and supply of BGN to wheat Total biomass of wheat grown on the belowground residues of lentil was 49 % higher compared to wheat grown on wheat residues (Fig. 2a) . There was no significant difference in seed biomass as a result of growing wheat on the BGR of the two N-urea using the cotton-wick technique. Error bars represent standard error of the mean (n =8). *** indicate significant difference between lentil and wheat at P ≤0.001 crop species. Therefore, the difference in total biomass was largely due to the 102 and 37 % increase in root and shoot biomass, respectively, of wheat grown on lentil BGR. Nitrogen accumulation in seed was not significantly different between wheat grown on lentil or wheat residues (Fig. 2b) . The amount of wheat shoot N and total N was higher by 32 and 14 %, respectively, when grown on lentil compared to wheat BGR. Whereas the biomass of the subsequent wheat crop increased with increasing wheat N uptake when grown on wheat BGR (r 2 =0.527, P =0.041), there was no significant relationship between wheat N uptake and wheat biomass when grown on lentil BGR (r 2 =0.261, P =0.195). In total, 14.4 and 8.5 % of the 15 N from the BGR of lentil and wheat, respectively, was supplied to the subsequent wheat crop (Fig. 3) . There was no difference in 15 N recovery in wheat N-labeled belowground residues (BGR) of previous lentil or wheat in subsequent mature wheat grown in a greenhouse. Error bars represent standard error of the mean (n =8). *** and ** indicate significant difference between lentil and wheat residues at P ≤ 0.001 and P ≤0.01, respectively roots grown on the two BGR, but a higher percentage of 15 N from lentil BGR was supplied to wheat seed and shoots. There was no significant difference between the percent recovery of 15 N from the BGR of lentil and wheat in the plant-soil system at harvest of subsequent wheat (P =0.069; data not shown).
Of the total N accumulated in the succeeding wheat crop, the percentage derived from the belowground residues of lentil and wheat was 12.5 and 13.6 % (data not shown), respectively, and did not differ between the two previous crop species (P =0.703).
Discussion
Biomass and N partitioning in lentil and wheat Gan et al. (2009a, b) reported that in field-grown lentil, biomass partitioning in seed, shoots, and roots was 35, 47, and 18 %, respectively-averaged for both irrigated and rainfed treatments. In our pot study, lentil allocated 20, 72, and 8 % of its biomass to seed, shoots, and roots, respectively. As a result, root-to-shoot ratios in our study (0.12) were lower than those reported in the field (Gan et al. 2009c) , where root growth is not restricted compared to pot studies (Wichern et al. 2008) . However, in another field study, roots comprised 4 % or less of total biomass in five lentil cultivars at late podfilling stage (Kurdali et al. 1997 ). Based on a recent review of the literature, Poorter et al. (2012) reported that total biomass production was reduced as pot size was reduced, but root/ shoot ratios were only marginally affected. Lack of data precluded firm conclusions with regard to the more general comparison of pot versus field studies.
Wheat biomass partitioning in this pot study followed closely to that reported in the field by Gan et al. (2009a, b) . In our study, 29, 53, and 18 % of wheat biomass was partitioned as grain, shoots, and roots, respectively, while in the field, 28, 55, and 17 % was allocated towards grain, shoots, and roots, respectively (Gan et al. 2009a, b) .
Nitrogen partitioning in wheat aligned more closely to reports from the field study by Gan et al. (2010) than lentil. The difference exhibited by lentil is largely a result of high N accumulation in lentil shoots in our study relative to what was found in the field. Due to the indeterminate growth habit of lentil, the degree of pod filling is reduced if moisture stress is not strong during this time (van Kessel 1994), which may have occurred since lentil was watered relatively frequently. As a result, a large proportion of N was still present in the immature pods and seed, and these were combined with the shoots at the time of harvest. Whereas the difference in the percentage of N partitioned to shoots between pot and field-grown lentil was large (56 vs. 30 % of plant N), the overall amount of N allocated aboveground (i.e., to seed and shoots) was more comparable (94 vs. 86 %). In general, N distributed to both lentil and wheat roots tended to be less in our pot study than in the field )-a trend that Mayer et al. (2003a) also observed in pea and faba bean. Conversely, Mahieu et al. (2007) reported that the proportion of N allocated to pea roots was 10-15 % when grown in the greenhouse, while field-grown pea roots comprised less than 5 % of total plant N. While extrapolating results from a pot study to field conditions must be always treated with caution, our estimates of N partitioned to roots appear to be in the same range, and perhaps on the conservative side, of those reported in the field. Nevertheless, the proportion of total N distributed in lentil and wheat roots was similar (6 vs. 10 % of plant N, not including root-derived N), and clearly an important potential source of N for a subsequent crop.
Belowground N, which includes N in roots and rhizodeposits, comprised 34 % of total plant N for lentil. To our knowledge, this is the first study to quantify NdfR in lentil. Previous 15 N labeling studies conducted with other pulse crops have shown the contribution of BGN to total plant N in shoot or leaf to be 32 to 53 % in chickpea (Khan et al. 2002; Yasmin et al. 2010 ), 14.6 % in faba bean (Mayer et al. 2003a) , and 15 to 40.8 % in pea (Mayer et al. 2003a; Wichern et al. 2007) .
Wheat allocated 51 % of its total N belowground, which was within the range (49 to 54 %) of that reported in N fertilized wheat using 15 NH 3 fumigation to label the plants (Janzen and Bruinsma 1989; Janzen 1990 ), whereas wheat BGN was 60 % of total N using a 15 N leaf-feeding technique (Khan et al. 2002) . This is the first study to report the use of the cotton-wick method in wheat, although Wichern et al. (2007) used this method to supply 15 N-urea to oat (Avena sativa). Although feasible, using this method to 15 N-label wheat was more logistically challenging than lentil, as more frequent reinstallation of the wick apparatus was required in wheat during stem elongation.
Belowground N contributions to the total plant N balance of wheat were greater than lentil. Similarly, Khan et al. (2002) reported that the contribution of wheat BGN to total plant N was higher compared to chickpea and faba bean. The higher amount and contribution of rhizosphere-NdfR to total plant N in wheat compared to lentil was due to a higher root biomass (r 2 =0.394, P =0.009). In the field, wheat root biomass was greater than lentil root biomass (Gan et al. 2009b) , and a much higher proportion (70 vs. 28 %) of wheat root surface area was comprised of fine roots of a lower diameter class (<0.4 mm) in comparison to lentil (Liu et al. 2010) . Therefore, there is more surface area for the soil to interact with the roots, thus developing more rhizosphere soil in wheat compared to lentil. Indeed, there was a positive relationship between root biomass and rhizosphere soil dry weight (r 2 =0.651, P <0.001).
Influence of belowground residues of lentil and wheat on a subsequent wheat crop Belowground residues of lentil had a positive effect on total biomass yield and N accumulation in wheat compared to wheat grown in monoculture. Wheat grain yields in a wheat-lentil rotation did not differ from wheat yields in a continuous wheat rotation in the field, though wheat N concentration was higher following lentil than when grown in continuous monoculture over the course of a 12-year rotation study (Campbell et al. 1992) . In our study, wheat grain yields were similar regardless of previous crop, though there was a tendency for higher wheat grain N uptake when grown on lentil compared to wheat BGR (P =0.098). Conversely, wheat grain biomass was significantly greater when grown on lentil stubble compared to on its own stubble in a field study in southwestern Saskatchewan (Miller et al. 2003b ). In our study, wheat was grown on the BGR only, thus wheat grain yields may have been different had the aboveground residues also been present. For example, lentil produced more than five times the amount of shoot N than wheat (Fig. 1) ; therefore, it is most likely that lentil residues in total would have a stronger influence on wheat yields than wheat residues. Wheat recovery of 15 N from the BGR of lentil (14.4 %) and wheat (8.5 %) was not particularly high, but was similar to the 15 N recoveries from crop residues reported in previous studies. For example, 13 % of 15 N from the aboveground and root components of 15 N-labeled lentil green manure was recovered in wheat averaged across three sites in western Canada ), and 5.5 % of added 15 N-labeled lentil or wheat straw was recovered in wheat tops (Bremer and van Kessel 1992) . When rhizodeposits, roots, and AGR of various pulse crops were included, 15 N recoveries in subsequent crops ranged from 8 to 20 % (Mayer et al. 2003b; Lam et al. 2012) . The majority of root N and root-derived N in these studies and in the current study was retained in soil pools at harvest of the subsequent wheat crop. Bremer and van Kessel (1992) reported that less than 2 % of the lentil or wheat straw 15 N added to soil was recovered in the soil inorganic N pool, indicating that the majority of 15 N from straw residues retained in the soil was in organic forms. The lower C to N ratio in lentil (30) compared to wheat (103) roots indicates that lentil BGN would have been more susceptible to mineralization-indeed, the higher lentil BGR-15 N recovery in the following wheat crop supports this. Nevertheless, it is clear that the contribution of N from crop residues to the nutrition of subsequent crops is underestimated when BGR is overlooked. Indeed, the input of N from belowground residues was similar to what would have been applied in aboveground residues (e.g., 114.6 mg BGN vs. 106.0 mg AGR-N per lentil plant). The N derived from both lentil and wheat BGR comprised approximately 13 % of total wheat N-we speculate that if the total residue N contribution (i.e., roots, rhizodeposits, and AGR) had been included, the N derived from total residues could be as much as double that determined in this study, depending on differences in decomposition and N mineralization rates between aboveground and belowground residues. Non-N factors contributed to the increase in total wheat biomass to a greater extent when wheat was grown on lentil versus wheat BGR. For example, total N accumulation explained a significant proportion of the variation in total biomass when wheat was grown on wheat, but not lentil, residues. In addition, the increase in wheat biomass yield was greater than the increase in N uptake when wheat followed lentil compared to wheat. There was no visual evidence to suggest that the wheat crop was suffering from disease pressure when grown on wheat BGR, thus other non-N benefits from lentil residues, such as improved macro-and micronutrient supply or release of growth-promoting compounds from residues, increased wheat biomass yield (Stevenson and van Kessel 1996b) . Moreover, legumes may have a positive influence on soil microbial populations or promote soil structure (Kirkegaard et al. 2008 ). In our greenhouse study, the positive influence of soil biology and/or non-N nutrient uptake are the most likely non-N factors contributing to the increased wheat yields following lentil compared to wheat, as yields of the subsequent wheat crop were not constrained by disease, weeds, or availability of soil water.
Conclusion
Lentil and wheat produced similar amounts of belowground N, which included N in roots and rhizodeposits. In the following rotational phase, however, total wheat yield and N uptake were 49 and 14 % higher, respectively, when grown on lentil compared to wheat BGR. The yield benefit of wheat following lentil was attributed to both N and non-N factors, although future research is required to elucidate the specific non-N factors. A higher proportion of 15 N from lentil compared to wheat BGR was recovered in the succeeding wheat plants indicating that the lentil BGR were more susceptible to mineralization-or at least that the mineralization of N from lentil BGR coincided more closely with wheat N demand. The supply of N from BGR was modest-8.5 to 14.4 % of 15 N from BGR was recovered in wheat-and comparable to the supply of N from aboveground residues reported in previous studies; however, considering that BGR comprised 46 and 84 % of the total crop residue N balance in lentil and wheat, respectively, not including estimates of BGN underestimates the supply of N from crop residues to subsequent crops. The results from this study highlight the importance of BGR when evaluating the benefits of growing lentil in crop rotations; however, these results should be validated in future field experiments, where rooting patterns may well differ from pot studies. Walley FL, Clayton GW, Miller PR, Carr PM, Lafond GP (2007) Nitrogen economy of pulse crop production in the Northern Great Plains. 
